INTRODUCTION
============

Integrins are α/β membrane receptors that mediate cell--cell interactions and cell adhesion to the surrounding extracellular matrix (ECM). Among these receptors, the β1 integrin subfamily is widely expressed and constitutes a major class of integrins that mediate cell interactions with ECM components, including fibronectin, laminins, and collagens ([@B33]; [@B30]). In addition to their role in cell adhesion, integrins also activate several intracellular signaling pathways, such as focal adhesion kinase, integrin-linked kinase, Src kinases, and the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) and phosphoinositide (PI) 3-kinase/Akt pathways, which modulate cell growth and differentiation, migration, and survival ([@B39]; [@B30]; [@B57]). In cancer, the prosurvival signals mediated by integrin--ECM interactions led in several cases to the resistance of tumor cells to chemotherapeutic drug-induced apoptosis ([@B31]; [@B44]).

Several studies have shown that integrins can protect both solid and hematological malignancies from chemotherapy-induced apoptosis by up-regulating antiapoptotic proteins and/or down-modulating the proapoptotic proteins of the Bcl-2 family, as well as inhibiting activation of the caspase cascade ([@B31]; [@B45], [@B44]). In addition to the direct modulation of apoptotic events, resistance to chemotherapy can also result from several cell adaptations ([@B42]; [@B20]). Indeed, the treatment efficiency could be altered in resistant malignancies by overexpressing proteins that metabolize ([@B52]) or chelate ([@B53]) the drug more efficiently. Resistant cancer cells could also escape from chemotherapy by decreasing the drug concentrations in the cytoplasm by expressing several transporters that belong to the ATP-binding cassette (ABC) superfamily ([@B18]; [@B12]). These proteins, through the hydrolysis of ATP, have the ability to actively promote cell detoxification by creating unidirectional flow of a wide group of endogenous (steroids, metabolites, ions) or exogenous substrates (drugs) from the cytosol to the extracellular milieu. Drug transporters of the ABC family play a central role in the development of multidrug resistance (MDR), a phenomenon in which cancer cells acquire cross-resistance to an array of different chemotherapeutic compounds ([@B42]; [@B18]; [@B20]). MDR-1, also called ABCB1 or P-glycoprotein, is the first member of the ABC transporters to have been described ([@B55]). ABCB1 and another ABC transporter, ABCC1, also called multidrug resistance--associated protein-1 (MRP-1), are the most studied ABC transporters and are expressed throughout normal and malignant tissues ([@B12]; [@B55]).

The signaling pathways regulating the activity and the high expression levels of ABC transporters in malignant cells are not fully understood. In this study, we asked whether ECM--integrin signaling could regulate ABC transporters. We tested this possibility in leukemic T-cell lines in which we previously showed that collagen, via its integrin receptors, was able to reduce doxorubicin-induced apoptosis ([@B23]). We show that collagen increased ABCC1 expression in an ERK-dependent manner in leukemic T-cells, which consequently decreased the amount of intracellular doxorubicin and doxorubicin-induced apoptosis. Our results provide the first evidence of the regulation of ABCC1 by integrin signaling in cancer chemoresistance and suggest that simultaneous targeting of collagen/β1 integrin and ABCC1 might be more efficient in preventing drug resistance than targeting each pathway alone.

RESULTS
=======

Collagen, but not fibronectin, reduces intracellular doxorubicin content
------------------------------------------------------------------------

To determine whether ECM regulates the amount of intracellular doxorubicin, we studied the effect of collagen and fibronectin on doxorubicin accumulation in Jurkat and HSB2 T-cell acute lymphoblastic leukemia (T-ALL) cell lines. We show that preactivating Jurkat ([Figure 1A](#F1){ref-type="fig"}) and HSB2 cells ([Figure 1B](#F1){ref-type="fig"}) with collagen reduces the intracellular accumulation of doxorubicin as determined by flow cytometry. Quantitative analysis indicates that the intracellular doxorubicin amount is reduced in collagen-treated cells by 50--65% in comparison to nontreated cells ([Figure 1, A and B](#F1){ref-type="fig"}, bottom). Treatment of the cells with the collagen diluent had no effect on doxorubicin intracellular accumulation (unpublished data). The effect of collagen on amount of intracellular doxorubicin is also observed in cells treated with doxorubicin for 4 and 24 h (Supplemental Figure S1).

![Collagen/β1 integrin reduces intracellular amounts of doxorubicin. Jurkat (A) and HSB2 (B) cells were preactivated or not with collagen (Col) for 4 h and then treated with 250 ng/ml doxorubicin (Dox) for an additional 2 h at 37°C in the dark. The cells were then washed with PBS, and the intracellular doxorubicin content was analyzed by flow cytometry using the FL-2 settings. Top, flow cytometric profile of intracellular doxorubicin content (NT, nontreated; cells that had not been treated with doxorubicin). Intracellular doxorubicin content (bottom) was quantified according to the following formula: positive cells (%) times mean fluorescence intensity (MFI). (C) Jurkat cells were pretreated with 10 μg/ml anti-β1 (anti-β1 mAb) or IgG isotypic control antibody (control mAb) for 1 h before being activated with collagen. The cells were then treated with doxorubicin, and intracellular doxorubicin amount was determined as described. The results presented in A and B (bottom) and in C represent mean values ± SD from three independent experiments. \**p* \< 0.05 where indicated.](3473fig1){#F1}

The β1 integrins are the major collagen receptors expressed by leukemic T-cell lines ([@B11]; [@B4]; [@B35]; [@B61]). Thus we examined whether the collagen effect is mediated via β1 integrin receptors. As shown in [Figure 1C](#F1){ref-type="fig"}, the effect of collagen on the reduction of intracellular doxorubicin content is reversed by the anti--β1 integrin blocking antibody but not by the isotypic control antibody. In addition, the anti--β1 integrin antibody did not affect the accumulation of intracellular doxorubicin in the absence of collagen. Together these results indicate that collagen reduces the intracellular doxorubicin content via β1 integrins.

In contrast to collagen, fibronectin did not regulate the intracellular doxorubicin content in Jurkat ([Figure 2A](#F2){ref-type="fig"}) and HSB2 T-cell lines ([Figure 2B](#F2){ref-type="fig"}). In addition, the differential effect of collagen and fibronectin was also confirmed by fluorescence microscopy ([Figure 3](#F3){ref-type="fig"}). Indeed, collagen but not fibronectin reduces the fluorescence intensity of cells exposed to doxorubicin. Taken together, these results indicate that collagen could be the main matrix protein that reduces the amount of intracellular doxorubicin in T-ALL cell lines.

![Fibronectin had no effect on intracellular doxorubicin content. Jurkat (A) and HSB2 (B) cells were preactivated or not with collagen (Col) or fibronectin (Fn) before the addition of doxorubicin. The cells were then washed with PBS, and the intracellular doxorubicin content was quantified by flow cytometry. The results represent mean values ± SD from three independent experiments. \**p* \< 0.05 where indicated.](3473fig2){#F2}

![Collagen but not fibronectin also reduces intracellular doxorubicin content as measured by fluorescence microscopy. Jurkat (A) and HSB2 (B) cells were preactivated with collagen (Col), fibronectin (Fn), or left unstimulated (NT) for 4 h and then were treated or not with doxorubicin (Dox) for 2 h. The cells were washed, fixed, and mounted between slides and cover slips and were observed by phase contrast and by using a red excitation fluorescence filter. The results are representative of three independent experiments.](3473fig3){#F3}

Collagen increases the expression of ABCC1
------------------------------------------

Doxorubicin is a ligand for several ABC transporter family members, including ABCC1, ABCC2, ABCC6, ABCB1, and ABCG2 ([@B7]; [@B42]; [@B18]; [@B2]). In addition, the ability of ABC transporters to clear their ligands from the intracellular milieu could be regulated by their expression levels ([@B9]; [@B3]). Accordingly, we studied the expression and the regulation of these drug transporters by collagen in T-ALL cell lines. Previous studies reported that ABCC1 is the major ABC family member expressed in leukemic T-cell lines, including Jurkat cells ([@B43]; [@B62]; [@B21]; [@B28]). Similarly, we found that Jurkat and HSB2 cells express basal mRNA levels of ABCC1 but not of ABCC2, ABCC6, ABCB1, and ABCG2 transporters ([Figure 4](#F4){ref-type="fig"}). Treatment of the cells with collagen up-regulates the ABCC1 mRNA levels but had no effect on the expression of other ABC transporters ([Figure 4](#F4){ref-type="fig"}). As a positive control, and as previously shown ([@B26], [@B27]; [@B51]), we found that the CaCo2 colorectal cancer cells express significant levels of ABCC2, ABCC6, ABCB1, and ABCG2 and weak/low levels of ABCC1 mRNA ([Figure 4](#F4){ref-type="fig"}). Doxorubicin treatment, which was previously reported to regulate ABC transporters levels ([@B56]), had no effect on the mRNA levels of the ABC transporters ([Figure 4](#F4){ref-type="fig"}). We then examined the expression of ABCC1 at the protein level. Immunoblot analysis shows that collagen up-regulates ABCC1 levels in both Jurkat and HSB2 cells ([Figure 5A](#F5){ref-type="fig"}). In addition, flow cytometry analysis revealed that collagen treatment increased ABCC1 expression in Jurkat and HSB2 cells by threefold and fivefold, respectively ([Figure 5B](#F5){ref-type="fig"}). Similar to the mRNA analysis, doxorubicin did not modulate the ABCC1 protein levels ([Figure 5, A and B](#F5){ref-type="fig"}).

![ABCC1 is the major ABC transporter expressed in leukemic T-cell lines. Jurkat and HSB2 cells were preactivated with collagen (Col) or left unstimulated (NT) for 4 h and were then treated with doxorubicin (Dox) for 2 h. mRNA levels for the different ABC transporters and for β-actin were determined by reverse transcriptase-PCR using specific primers ([Table 1](#T1){ref-type="table"}). The CaCo2 cell line was used as a positive control for ABCC2, ABCC6, ABCB1, and ABCG2 mRNA detection. M, the 100--base pair DNA ladder marker. The results are representative of three independent experiments.](3473fig4){#F4}

![Collagen but not fibronectin up-regulates ABCC1 protein levels through β1 integrin. (A) Immunoblot analysis of ABCC1 expression. Jurkat (left) and HSB2 (right) cells were preactivated with collagen (Col) for 4 h and then treated with 250 ng/ml doxorubicin (Dox) for 2 h. The cells were lysed and the cell lysates analyzed by immunoblot using the anti-ABCC1 mAb. The blots were stripped and reprobed with control anti--β-actin antibody to ensure equal loading. The results are representative of two independent experiments. (B) Flow cytometry analysis of ABCC1 expression in Jurkat and HSB2 cells. After collagen activation and doxorubicin treatment, the cells were washed with PBS, and ABCC1 expression was assessed by flow cytometry by staining the cells with FITC-coupled anti-ABCC1 antibody or appropriate FITC-conjugated isotypic antibody. Top, representative flow cytometric profiles of ABCC-1 expression. Bottom, quantification of ABCC-1 expression. (C) Fibronectin had no effect on ABCC1 levels. Jurkat cells were preactivated with collagen (Col) or fibronectin (Fn) and then treated or not with doxorubicin (Dox). The cells were then washed with PBS, and ABCC1 expression was assessed by flow cytometry. (D) Collagen-mediated up-regulation of ABCC1 levels is dependent on β1 integrin. Jurkat cells were pretreated with the control or anti--β1 integrin blocking antibodies for 1 h and then activated or not with collagen (Col), and ABCC1 expression was assessed by flow cytometry. The data in B (bottom), C, and D represent mean values ± SD of positive cells (%) times the mean fluorescence intensity from three independent experiments. \**p* \< 0.05 where indicated.](3473fig5){#F5}

The increased of ABCC1 protein levels were maintained for at least 12 h after the addition of collagen (Supplemental Figure S2). We also found that fibronectin, which had no effect on intracellular doxorubicin content, failed to up-regulate ABCC1 expression ([Figure 5C](#F5){ref-type="fig"}). The collagen effect on ABCC1 expression is mediated through β1 integrins, since it was reversed by the blocking anti--β1 integrin monoclonal antibody, which alone had no effect on ABCC1 expression ([Figure 5D](#F5){ref-type="fig"}). Taken together, these results indicate that ABCC1 is the major transporter expressed in leukemic T-cell lines and that collagen, but not fibronectin, could enhance ABCC1 activity by up-regulating its expression levels in T-ALL cell lines via β1 integrin signaling.

The reduction of intracellular doxorubicin content and doxorubicin-induced apoptosis by collagen involves the ABCC1 drug transporter
------------------------------------------------------------------------------------------------------------------------------------

Because collagen treatment strongly up-regulated the expression of ABCC1 in T-ALL cells, we studied the potential implication of this transporter in the collagen-induced inhibition of intracellular doxorubicin content. As a first step, we tested whether collagen would reduce the intracellular accumulation of calcein-AM, a molecule that could be transported by ABCC1 ([@B37]). The results show that collagen significantly reduces the amount of intracellular calcein-AM in Jurkat ([Figure 6A](#F6){ref-type="fig"}) and HSB2 cells ([Figure 6B](#F6){ref-type="fig"}), thus supporting the implication of ABCC1.

![Collagen down-regulates the intracellular accumulation of calcein-AM. Jurkat (A) and HSB2 (B) cells were preactivated or not with collagen (Col) for 4 h and then treated with increasing concentrations of calcein-AM for 30 min at 37°C in the dark. The cells were washed with PBS, and the intracellular calcein-AM content was analyzed by flow cytometry using the FL-1 settings. The results represent mean values ± SD of positive cells (%) times the mean fluorescence intensity from three independent experiments. \**p* \< 0.05 where indicated.](3473fig6){#F6}

To test the potential role of ABCC1 in collagen-induced doxorubicin efflux, we used pharmacological and genetic inhibitory strategies. Treatment of Jurkat cells with MK571, a frequently used ABCC1 inhibitor ([@B1]; [@B28]), but not with the vehicle, significantly reduced the ability of collagen to decrease the content of intracellular doxorubicin ([Figure 7A](#F7){ref-type="fig"}, left). We also used Reversan, a more recently described ABCC1 inhibitor ([@B10]). This compound also strongly abrogates the collagen-induced doxorubicin efflux in HSB2 cells ([Figure 7A](#F7){ref-type="fig"}, right). The effect of the two inhibitors was not due to cytotoxicity, as we found no difference in cell viability between control and treated cells (95--96%).

![ABCC1 inhibition abrogates collagen-induced drug efflux and protection against doxorubicin-mediated apoptosis. (A) ABCC1 inhibitors reduce collagen-mediated doxorubicin efflux. Jurkat (left) and HSB2 (right) cells were pretreated for 1 h with 20 μM of MK571 or Reversan, respectively, or with the vehicle. The cells were then activated or not with collagen (Col) and treated with doxorubicin. The cells were washed with PBS, and intracellular doxorubicin content was analyzed by flow cytometry using the FL-2 settings. (B) ABCC1 siRNA reduces ABCC1 levels. Jurkat and HSB2 cells were transfected with ABCC1 or control (Ctrl) siRNAs as described in *Materials and Methods*. Efficiency of ABCC1 silencing in Jurkat and HSB2 cells was monitored by flow cytometry analysis of ABCC1 expression levels using FITC-coupled anti-ABCC1 mAb as described in *Materials and Methods*. Control isotypic staining of the cells is shown. Bottom, quantification of ABCC1 expression in control and in ABCC1 siRNA-transfected cells. (C) ABCC1 siRNA reduces collagen-mediated doxorubicin efflux. Transfected Jurkat and HSB2 cells were activated or not with collagen (Col) before their treatment with doxorubicin. The cells were washed with PBS, and intracellular doxorubicin content was assessed by flow cytometry. (D) ABCC1 siRNA reverses the protective effect of collagen on doxorubicin-induced apoptosis. Transfected Jurkat and HSB2 cells were left untreated (NT) or activated with collagen (Col) for 4 h and then treated with doxorubicin (Dox). After 16 h of drug treatment, apoptosis was determined by annexin V staining and flow cytometry. The results in the different panels represent mean values ± SD from three independent experiments. \**p* \< 0.05 where indicated.](3473fig7){#F7}

The implication of ABCC1 was also studied by a small interfering RNA (siRNA) knockdown approach. A specific ABCC1 siRNA markedly reduced the transporter levels in Jurkat and HSB2 cells as monitored by flow cytometry ([Figure 7B](#F7){ref-type="fig"}). Quantification analysis indicates that the ABCC1 levels were reduced by ∼60% ([Figure 7B](#F7){ref-type="fig"}, bottom). The reduction in ABCC1 protein levels is confirmed by immunoblot analysis (Supplemental Figure S3A). The ABCC1 siRNA also reduces ABCC1 levels in collagen-treated cells (Supplemental Figure S3B). Silencing ABCC1 significantly diminished the ability of collagen to reduce the intracellular accumulation of doxorubicin in Jurkat and HSB2 cells in comparison with control siRNA-transfected cells ([Figure 7C](#F7){ref-type="fig"}). Together these results demonstrate that the effect of collagen on intracellular doxorubicin content involves ABCC1.

We previously reported that collagen protects T-ALL cell lines from doxorubicin-induced apoptosis ([@B23]). Thus we tested whether the reduction of intracellular doxorubicin content by ABCC1 could contribute to collagen-induced T-ALL cell survival. To this end, we determined whether silencing ABCC1 affects the prosurvival effect of collagen. ABCC1 silencing had no effect on spontaneous apoptosis but strongly abrogated the ability of collagen to reduce apoptosis induced by a 16-h treatment with doxorubicin in Jurkat and HSB2 cells ([Figure 7D](#F7){ref-type="fig"}). ABCC1 siRNA had a similar effect when apoptosis was measured after 48 h of doxorubicin treatment (Supplemental Figure S4), further supporting the role of ABCC1 in collagen-induced doxorubicin resistance. Taken together, these results indicate that collagen inhibits doxorubicin-induced apoptosis by reducing its intracellular accumulation via a mechanism involving ABCC1 function.

ERK signaling is required for collagen-induced effects on ABCC1 activity, expression, and cell survival
-------------------------------------------------------------------------------------------------------

Integrin signaling leads to the activation of two major cell survival pathways, including the ERK/MAPK and PI 3-kinase/Akt pathways. We previously showed that collagen increases the activation of the ERK/MAPK pathway but not that of the PI 3-kinase/Akt pathway in T-ALL cell lines ([@B22]; [@B13]). Therefore we examined the potential effect of ERK inhibition on collagen-induced ABCC1 function. As shown in [Figure 8](#F8){ref-type="fig"}, expression of a flagged dominant-negative form of MEK-1 (DN-MEK-1) in Jurkat and HSB2 cells ([Figure 8A](#F8){ref-type="fig"}) abrogated the collagen-induced reduction of intracellular doxorubicin amounts in comparison to cells transfected with the control vector (pcDNA). As a control, DN-MEK-1-- but not pcDNA-transfected cells express the FLAG-DN-MEK-1 (Supplemental Figure S5). In addition, we found that the specific MEK/ERK inhibitor U0126 reversed collagen-induced calcein-AM efflux ([Figure 8B](#F8){ref-type="fig"}). These results indicate that ERK/MAPK is required for collagen-induced inhibition of intracellular drug accumulation. We then explored whether the ERK signaling pathway regulates ABCC1 expression. The results show that DN-MEK-1--expressing Jurkat and HSB2 cells exhibit reduced ABCC1 levels in response to collagen when compared with control cells ([Figure 8C](#F8){ref-type="fig"}). Finally, DN-MEK-1 also abrogated the protective effect of collagen on doxorubicin-induced apoptosis ([Figure 8D](#F8){ref-type="fig"}). Taken together, our results indicate that collagen-induced ERK signaling in T-ALL cell lines renders them less sensitive to doxorubicin-induced apoptosis by increasing the expression levels of ABCC1, which reduces the amount of intracellular doxorubicin.

![ERK inhibition abrogates collagen-induced drug efflux, ABCC1 expression, and resistance against doxorubicin-mediated apoptosis. (A) DN-MEK-1 inhibits the ability of collagen to reduce intracellular doxorubicin content. Cells were transfected with DN-MEK1 or pcDNA (empty plasmid). After transfection, the cells were activated or not with collagen (Col) and then treated with doxorubicin. The intracellular doxorubicin content was measured by flow cytometry. (B) The MEK-1 inhibitor abrogates collagen-mediated calcein efflux. Jurkat cells were preincubated or not for 1 h with 10 μM of the MEK/ERK inhibitor (U0126) before their activation or not with collagen (Col) and treatment with calcein-AM. Intracellular calcein content was then assessed by flow cytometry. (C) DN-MEK-1 abolishes the up-regulation of ABCC1 expression levels by collagen. Expression of ABCC1 in transfected cells was determined by ABCC1 staining and flow cytometry analysis as described in *Materials and Methods*. (D) DN-MEK-1 abolishes the protective effect of collagen on doxorubicin-induced apoptosis. Transfected cells were activated or not with collagen and then treated or not with doxorubicin (Dox) for 16 h (NT, nontreated). Apoptosis was determined by annexin V staining and flow cytometry analysis. The results represent mean values ± SD from three independent experiments. \**p* \< 0.05 where indicated.](3473fig8){#F8}

Actin polymerization is required for collagen-induced doxorubicin efflux
------------------------------------------------------------------------

Actin polymerization was shown to be involved in collagen-induced ERK activation in Jurkat cells ([@B8]) and to be essential for ABCC1 activity ([@B32]). Because we found that the effect of collagen on doxorubicin efflux and ABCC1 expression is dependent on ERK activation, we examined whether actin polymerization was also part of collagen signaling in up-regulating doxorubicin efflux and ABCC1 expression levels. We show that treatment of Jurkat cells with collagen substantially enhances the content of polymerized filamentous actin (F-actin) as monitored by Alexa 594--conjugated phalloidin staining and flow cytometry analysis ([Figure 9A](#F9){ref-type="fig"}). This effect was totally abrogated by cytochalasin B (CB), an inhibitor of F-actin formation ([Figure 9A](#F9){ref-type="fig"}). We then tested whether inhibition of actin polymerization affects collagen-induced doxorubicin efflux and ABCC1 expression. We found that CB significantly reduces the inhibitory effect of collagen on intracellular doxorubicin content ([Figure 9B](#F9){ref-type="fig"}) and inhibits the up-regulation of ABCC1 levels by collagen ([Figure 9C](#F9){ref-type="fig"}). In the absence of CB, collagen reduced doxorubicin content by 58%. However, in the presence of CB, collagen reduced doxorubicin content by only 25%. With regard to the up-regulation of ABCC1, CB strongly inhibited the ability of collagen to up-regulate ABCC1 ([Figure 9C](#F9){ref-type="fig"}). The ABCC1 levels in cells treated with collagen plus CB are almost equal to those in non--collagen-treated cells (basal levels). Similar results were also obtained with HSB2 cells (unpublished data). Together these results indicate that collagen-induced up-regulation of ABCC1 expression levels and function requires actin polymerization.

![Actin polymerization is required for collagen-induced drug efflux and ABCC1 expression. (A) Cytochalasin B (CB) abrogates collagen-induced F-actin formation. Jurkat cells were left untreated (NT) or activated with collagen (Col) in the presence or absence of CB (10 μM). The F-actin content was assessed by staining with Alexa Fluor 594--conjugated phalloidin (1 μM) and flow cytometry analysis as described in *Materials and Methods*. (B) Actin cytoskeleton disruption abrogates collagen-induced drug efflux. Jurkat cells were activated or not with collagen (Col) in the presence or absence of CB and then treated with doxorubicin. Intracellular doxorubicin content was then assessed by flow cytometry analysis. (C) Actin cytoskeleton disruption abrogates collagen-induced ABCC1 expression. Jurkat cells were activated or not with collagen (Col) in the presence or absence of CB. ABCC1 expression was then assessed by intracellular staining and flow cytometry as described in *Materials and Methods*. The results represent mean values ± SD of positive cells (%) times the mean fluorescence from three independent experiments. \**p* \< 0.05 where indicated.](3473fig9){#F9}

DISCUSSION
==========

One major hurdle in anticancer therapy is the development of drug resistance. Thus understanding the mechanisms contributing to this process is likely to bring new insights into the design of new therapeutic strategies. Interaction of cancer cells with ECM is recognized as a critical factor contributing to their resistance to chemotherapy-induced apoptosis. We previously reported that collagen, via its α2β1 integrin receptor, protected T-ALL cell lines from doxorubicin-induced apoptosis ([@B23]). In this study, we demonstrate that collagen inhibits doxorubicin-induced apoptosis by promoting doxorubicin efflux via a mechanism involving activation of the ERK/MAPK and up-regulation of the ABC transporter family member ABCC1. Inhibition and knockdown of ABCC1 with siRNA not only prevented collagen from reducing intracellular doxorubicin content, but it also abolished the protective effect of collagen on doxorubicin-induced apoptosis, indicating that the reduction of intracellular doxorubicin amounts is an event that contributes to the protective effect of collagen.

Doxorubicin is a substrate for ABCC1, which has been associated with doxorubicin resistance in multidrug-resistant cancer cells ([@B15]; [@B9]; [@B3]). However, our study indicates that sensitive cancer cells, such as the leukemic T-cell lines Jurkat and HSB-2, can diminish their sensitivity to doxorubicin by up-regulating ABCC1. In this context, our study provides the first evidence that ABCC1 expression and activity can be regulated by β1 integrin signaling.

One major growth site for T-ALL and other hematological malignancies is the bone marrow, which is a tissue rich in ECM, such as fibronectin and collagen ([@B45]). Thus our study suggests that by interacting with collagen, T-ALL cells could up-regulate ABCC1 levels and escape the cytotoxic effect of doxorubicin and subsequently become resistant to doxorubicin. Of interest, high levels of ABCC1 have been shown to be expressed in hematological malignancies, including T-ALL ([@B43]; [@B34]; [@B50]; [@B16]; [@B28]). Thus our findings suggest an important role for the collagen/β1 integrin signaling pathway in the up-regulation of ABCC1 expression levels in these malignancies and in their resistance to drug-induced apoptosis.

In contrast to collagen, fibronectin had no effect on intracellular doxorubicin content, did not up-regulate ABCC1 expression, and did not protect the cells from apoptosis, despite the fact that fibronectin-binding integrins are also expressed in T-ALL cells ([@B35]). The differential ability of collagen and fibronectin to up-regulate ABCC1 and to promote doxorubicin resistance could be due to their differential ability to activate the ERK/MAPK survival pathway, as it will be discussed later.

Collagen did not up-regulate the expression levels of other doxorubicin transporters, including ABCB1, ABCC2, ABCC6, and ABCG2. In fact, ABCB1, ABCC2, ABCC6, and ABCG2 were not detected in T-ALL cell lines, which is in agreement with previous studies ([@B43]; [@B62]; [@B21]; [@B28]). Culture of rat hepatocytes in collagen sandwich has been shown to up-regulate ABCB1 ([@B38]; [@B60]). Although the role of integrins has not been investigated, these studies support our findings and the notion that ECM--β1 integrin interactions can regulate ABC transporters.

We also found that collagen promotes doxorubicin resistance by activating the prosurvival ERK/MAPK signaling pathway. Our results show that inhibition of ERK reversed collagen-mediated reduction of intracellular doxorubicin content, collagen-mediated up-regulation of ABCC1 expression levels, and collagen-mediated inhibition of doxorubicin-induced apoptosis. The role of ERK in collagen-induced up-regulation of ABCC1 in T-ALL cell lines is further supported by the fact that fibronectin, which we previously showed to be unable to activate the ERK/MAPK pathway in Jurkat cells ([@B22]; [@B13]), also failed to up-regulate ABCC1 expression levels. The mechanism by which ERK up-regulates ABCC1 expression levels is unclear. One possibility is that ERK activates certain transcription factors that can up-regulate *ABCC1* gene transcription. ERK can activate Ap-1, Notch1, and Sp-1 ([@B46]; [@B63]; [@B24]), and these transcription factors have been associated with ABCC1 expression ([@B36]; [@B47]; [@B14]). Further studies are needed to determine how collagen/β1 integrin signaling up-regulates ABCC1 expression.

Our results also show that actin polymerization is essential for collagen-induced up-regulation of ABCC1 expression and activity. This could be explained by the fact that actin polymerization is involved in collagen-induced ERK activation in Jurkat cells ([@B8]; unpublished data), and ERK, as shown here, is important for the up-regulation of ABCC1 expression levels. In addition, and as previously reported ([@B32]), actin polymerization could also regulate the function of ABCC1 by stabilizing its localization at the plasma membrane, suggesting that collagen can also enhance ABCC1 activity through inducing actin polymerization.

Collagen production in the tumor tissue can interfere with intratumoral uptake of chemotherapeutic agents ([@B48]; [@B40]). Thus, in addition, our study indicates that collagen can also favor drug resistance via up-regulation of ABC transporters. It is interesting to note that hypoxic conditions were previously reported to modulate the expression and activation of ABC transporters such as ABCC1 ([@B59]) and ABCB1 ([@B41]; [@B58]) in cancer cells. Moreover, hypoxia also induces collagen production ([@B17]; [@B25]), suggesting that the effect of hypoxia on ABC transporters could be due to collagen signaling. Together these studies point to the importance of collagen--tumor cell interactions in the establishment of the drug resistance phenotype.

In summary, our study provides the first demonstration that collagen/β1 integrin contributes to doxorubicin resistance via up-regulation of ABCC1. Further understanding of the mechanisms by which collagen up-regulates ABCC1 is likely to lead to novel therapeutic strategies for preventing the appearance of the drug resistance phenotype.

MATERIALS AND METHODS
=====================

Reagents and antibodies
-----------------------

RPMI 1640, fetal bovine serum (FBS), penicillin--streptomycin, and [l]{.smallcaps}-glutamine were purchased from Wisent (St. Bruno, Canada). Collagen type I (collagen), doxorubicin, cytochalasin B, and mouse anti-FLAG antibody (M2) were from Sigma-Aldrich (St. Louis, MO). Human plasma fibronectin and the anti-ABCC1 monoclonal antibody (mAb; clone QCRL-1) used in Western blots were purchased from Millipore (Billerica, MA). The MEK-1 inhibitor (U0126), the ABCC1 inhibitor (MK571), and calcein-AM were from Calbiochem (San Diego, CA). Reversan was from Cedarlane (Burlington, Canada). The blocking anti-β1 integrin (clone 4B4) and the appropriate immunoglobulin G (IgG) isotypic control antibodies were purchased from Beckman Coulter (Brea, CA). The fluorescein isothiocyanate (FITC)--conjugated anti-ABCC1 (clone QCRL-3) and the appropriate IgG isotype control antibodies used in flow cytometry analysis were from BD PharMingen (San Diego, CA). Phalloidin--Alexa Fluor 594 was from Molecular Probes (Invitrogen, Burlington, Canada).

Cell culture
------------

The human T-ALL cell lines Jurkat (E6.1) and HSB2 were obtained from the American Type Culture Collection (Manhasset, VA) and were maintained in RPMI 1640 medium supplemented with 10% FBS, 2 mmol/l glutamine, and 100 U/ml penicillin and streptomycin.

Flow cytometry and fluorescence microscopy analysis of intracellular drug content
---------------------------------------------------------------------------------

Jurkat and HSB2 cells in RPMI medium containing 2.5% FBS were activated with or without collagen or fibronectin (100 μg/ml) or with vehicle for 4 h and then treated with doxorubicin (250 ng/ml) or with calcein-AM (1--5 nM) for different periods of time at 37°C in the dark. The cells were then washed three times with phosphate-buffered saline (PBS), and doxorubicin or calcein-AM intracellular content was analyzed by flow cytometry (FACSCalibur; BD Biosciences, San Diego, CA) using the FL-2 and the FL-1 settings, respectively. The data are expressed as percentage of positive cells times mean fluorescence intensity (MFI) as previously described ([@B29]; [@B19]).

For microscopy analysis, the cells were washed twice with PBS, fixed with 1% paraformaldehyde (30 min at 4°C in the dark), and washed with PBS. The samples were then resuspended in PBS (20 μl) and carefully spread over glass slides. Gel mount reagent (Biomeda, Foster City, CA) was used to mount the cover slips, which were viewed under a fluorescence microscope (BX-51; Olympus, Tokyo, Japan) using the 40× objective connected to a digital camera (CoolSNAP; Photometrics, Tucson, AZ). The general shape of the cells was observed by phase contrast, and the doxorubicin content was revealed using a red excitation fluorescence filter.

Reverse transcriptase-PCR analysis
----------------------------------

Total RNA was extracted with TRIzol reagent according to the manufacturer\'s instructions (Invitrogen, Carlsbad, CA). First-strand cDNA was prepared from 1 μg of total RNA using the Thermoscript reverse transcriptase-PCR system from Invitrogen. ABCC1, ABCC2, ABCC6, ABCB1, ABCG2, and β-actin transcripts were amplified by PCR using specific primers ([Table 1](#T1){ref-type="table"}). The amplification for each gene was in the linear curve. PCRs were done with 1 U Taq polymerase in a total volume of 50 μl, and amplifications were carried out in a Peltier Thermal Cycler from MJ Research (St. Bruno, Canada). ABC transporters and β-actin transcripts were amplified for 39 and 29 cycles, respectively, as follows: ABCC1: 94°C for 30 s, 57°C for 1 min, 72°C for 2 min; ABCC2: 94°C for 30 s, 56°C for 1 min, 72°C for 2 min; ABCC6: 94°C for 30 s, 55°C for 1 min, 72°C for 2 min; ABCB1: 94°C for 30 s, 55°C for 1 min, 72°C for 2 min; ABCG2: 94°C for 30 s, 59°C for 1 min, 72°C for 2 min; and actin: 94°C for 30 s, 58°C for 35 s, 72°C for 2 min. Amplified products were separated on a 2% agarose gel and were detected by RedSafe and UV illumination in a GelDoc molecular imager (Bio-Rad, Hercules, CA).

###### 

Primer sequences used for reverse transcriptase-PCR analysis of ABCC1, ABCC2, ABCC6, ABCB1, ABCG2, and actin expression.

  Protein   Gene    Forward primer (5′--3′)    Reverse primer (5′--3′)     Reference
  --------- ------- -------------------------- --------------------------- -----------
  MRP1      ABCC1   AGGTCAAGCTTTCCGTGTACTG     GGACTTTCGTGTGCTCCTGA        [@B28])
  MRP2      ABCC2   CTGCGGTGGATCTAGAGACAGA     TGCCGCACTCTATAATCTTCCC      [@B28])
  MRP6      ABCC6   AGTTCTGTTTGTTACCCACCAGTT   ACCCTTGTCTTGTGACTTCTTCTGT   [@B28])
  MDR1      ABCB1   CCCATCATTGCAATAGCAGG       GTTCAAACTTCTGCTCCTGA        [@B49])
  BCRP      ABCG2   GGGTTCTCTTCTTCCTGACGACC    TGGTTGTGAGATTGACCAACAGACC   [@B54])
  Actin             AGCCATGCCAATCTCATCTTGT     ACGGCTGCTTCCAGCTCCTC        [@B23])

ABCC1 expression by flow cytometry
----------------------------------

Jurkat and HSB2 leukemic T-cell lines in RPMI medium containing 2.5% FBS were activated with or without collagen or fibronectin (100 μg/ml) for 4 h before their treatment with 250 ng/ml doxorubicin for different periods of time. The cells were washed with PBS, permeabilized with a CytoFix/CytoPerm kit (BD Biosciences), and stained with FITC-conjugated anti-ABCC1 mAb (20 μl/test; clone QCRL-3), which recognizes an epitope located in the intracellular domain of ABCC1, or with isotypic control antibody. Stained cells were then washed and analyzed by flow cytometry (FACSCalibur; BD Biosciences). The data are expressed as percentage of positive cells times MFI as previously described ([@B29]; [@B19]).

Immunoblot analysis
-------------------

After stimulation, the cells were washed in cold PBS and lysed in RIPA buffer containing protease and phosphatase inhibitors. Cell lysates were subjected to SDS--PAGE and analyzed by immunoblot using specific anti-ABCC1 mAb (clone QCRL-1). The blots were stripped and reprobed with control anti--β-actin antibody to ensure equal loading. In all experiments, immunoblots were visualized using a horseradish peroxidase--conjugated secondary antibody, followed by enhanced chemiluminescence detection (Pierce, Rockford, IL).

ABCC1 siRNA and silencing
-------------------------

Jurkat and HSB2 T-cell lines were transfected using the Nucleofector (program C-016; Amaxa Biosystems, Cologne, Germany). Cells (5 × 10^6^) were transfected with ON-TARGETplus smart pool (200 nM) containing a mix of four siRNAs directed against ABCC1 (L-007308-00-0005; Dharmacon, Lafayette, CO; [@B6]) or with a control nonsilencing siRNA (Dharmacon). After nucleofection, cells were immediately transferred to prewarmed complete medium and were used in subsequent experiments at 24 h posttransfection. The efficiency of ABCC1 silencing was assessed by Western blot and flow cytometry analysis of ABCC1 expression levels.

Plasmid transfection
--------------------

The empty plasmid (pcDNA) and the plasmid encoding the dominant-negative form of MEK-1 (DN-MEK-1) were previously used in our studies ([@B22]; [@B5]). Jurkat or HSB2 cells (5 × 10^6^) were transfected with 7 μg of total plasmid DNA using the Nucleofector (program C-016). The cells were immediately allowed to recover in prewarmed RPMI containing 10% FBS and were used in subsequent experiments at 24 h posttransfection. DN-MEK1 expression was monitored by Western blot using an anti-FLAG antibody.

Determination of apoptosis
--------------------------

Jurkat and HSB2 T-cells in RPMI medium containing 2.5% FBS were activated or not with collagen (100 μg/ml) or with vehicle for 4 h. The cells were then treated with doxorubicin (250 ng/ml) for 16--48 h. Apoptosis was determined using the annexin V-FITC detection kit from BD PharMingen. The cells were washed in PBS and incubated in 500 μl of 1× buffer containing 5 μl of annexin V-FITC for 15 min at room temperature in the dark according to the manufacturer\'s protocol. The cells were then analyzed by flow cytometry using the FL-1 setting (FACSCalibur). Apoptotic cells were identified as being annexin V positive.

Determination of intracellular F-actin content
----------------------------------------------

Jurkat and HSB2 T-cell lines in RPMI medium containing 2.5% FBS were incubated or not with cytochalasin B (10 μM) for 1 h. The cells were then activated or not with collagen for 4 h. The cells were washed three times with PBS, permeabilized with a CytoFix/CytoPerm kit, and stained with Alexa Fluor 594--conjugated phalloidin (1 μM). Stained cells were washed and then analyzed by flow cytometry (FACSCalibur). Data are expressed as percentage of positive cells times MFI.

Statistical analysis
--------------------

Statistical analysis was performed by the Student\'s *t* test. Results with *p* \< 0.05 are considered statistically significant.
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ABC

:   ATP-binding cassette

CB

:   cytochalasin B

ECM

:   extracellular matrix

MDR

:   multidrug resistance

MRP-1

:   multidrug resistance--related protein 1
